YbeY was recently recognized as an endoribonuclease playing a role in ribosome biosynthesis. In Escherichia coli it functions as a single-strand-specific RNase that processes the 39 end of the 16S rRNA and is crucial for the late-stage 70S ribosome quality control system. Here we report that YbeY is not essential in Yersinia enterocolitica serotype O:3, yet its absence strongly compromised the bacterium. The lack of YbeY resulted in misprocessing of 16S rRNA and a severe decrease of growth rate with complete growth arrest observed at elevated temperatures. Moreover, a ybeY mutation severely disturbed regulation of the Yersinia virulence plasmid (pYV) genes and affected the expression of regulatory small RNA species. Transcription of the pYV genes was upregulated in the ybeY mutant at 22 6C; the same genes were repressed in the wildtype bacterium. Furthermore, ybeY inactivation impaired many virulence-related features, such as resistance to elevated temperature and acid, and hindered utilization of different carbohydrates. In addition, the ybeY mutant strain showed decreased infectivity in a tissue culture infection model, especially at the stage of cell adhesion. Taken together, this study demonstrates the crucial role of YbeY in Y. enterocolitica O:3 physiology and pathogenicity.
INTRODUCTION
Yersiniosis is currently the third most common food-borne gastroenteritis in Europe after Salmonella and Campylobacter infections, with Yersinia enterocolitica subsp. palearctica serobiotype O:3/4 being most frequently isolated from humans and slaughter pigs (Ortiz Martínez et al., 2010) . As a psychrotrophic micro-organism, it can proliferate at temperatures as low as 0 u C, which makes it a substantial concern for public health (Brocklehurst & Lund, 1990; Hanna et al., 1979) . The pathogenic potential of these bacteria is due to the many essential virulence factors, some of which are encoded by genes located on a 70 kb Yersinia virulence plasmid (pYV) and others by chromosomal genes. Virulence determinants include specific adhesion and invasion proteins, inhibitors of phagocytosis, surface structures interacting with circulating host defence components as well as toxins. It is well established that the biosynthesis and expression of these factors undergo specific and precise regulation that takes place at both the transcriptional and translational levels, yet the regulation mechanisms are poorly understood (Al-Hendy et al., 1991; Schiano & Lathem, 2012) .
YbeY is a 17 kDa highly conserved protein belonging to the UPF0054 family that was discovered during global transcriptional analysis of heat-shock genes. At first, due to the sequence similarity to metal-dependent hydrolases, YbeY was believed to possess a hydrolytic function (Oganesyan et al., 2003; Zhan et al., 2005) . Although the structure showed similarity to eukaryotic extracellular proteinases such as collagenase and gelatinase, in vitro studies failed to detect any hydrolase activity (Rasouly et al., 2009) . Only recently it was discovered that YbeY is an RNase that plays a critical role in rRNA maturation, as well as in late-stage 70S ribosome quality control (Jacob et al., 2013) .
Furthermore, YbeY belongs to the 206 genes postulated to comprise the minimal bacterial genome set (Gil et al., 2004) , but is essential only in some bacteria like Haemophilus influenzae and Bacillus subtilis (Akerley et al., 2002; Kobayashi et al., 2003) . In other species like Escherichia coli and Shinorhizobium meliloti its loss causes an increase in the sensitivity to environmental stresses and, in addition, in Shinorhizobium meliloti its loss abrogates intracellular infection necessary for the symbiosis (Davies & Walker, 2008; Davies et al., 2010; Rasouly et al., 2009) . In E. coli, ybeY deletion mutants present severe translational defects caused by very low levels of functional polysomes and the accumulation of free ribosomes and ribosomal subunits. These translational defects were mostly manifested at elevated temperatures and resulted in growth failure (Rasouly et al., 2009) .
In E. coli, YbeY functions as a single strand-specific endoribonuclease that in its purified form effectively degrades total rRNA and mRNA, yet is unable to degrade dsRNA. Moreover, RNase activity is manifested at 37 and 45 u C, though it significantly decreases at 65 u C; this is in line with previous findings that indicate YbeY plays a role during the heat-shock response. It was also proposed that YbeY cleaves the 17S rRNA precursor generating a 39-phosphate terminus. Furthermore, during standard growth and under stress YbeY acts together with RNase R to remove defective 70S ribosomes from the cellular pool allowing effective translation. It was proposed that YbeY acts as a sensor of defective ribosomes by recognizing defects in 30S subunits, which subsequently initiates degradation of complete 70S ribosomes by introducing endonucleolytic cuts in the rRNA. Such damage in rRNA leads to its misprocessing and misfolding and further destruction by other RNases (Jacob et al., 2013) . Moreover, YbeY is reported to play a role in transcriptional antitermination of rRNA synthesis, which is also critical for ribosome biogenesis (Grinwald & Ron, 2013) . Recent studies performed in Shinorhizobium meliloti, E. coli and Vibrio cholera show that YbeY has an impact on small non-coding RNAs (sRNAs) (Pandey et al., 2011 (Pandey et al., , 2014 Vercruysse et al., 2014) .
In this work we characterized the role of ybeY in Y. enterocolitica serotype O:3 using a ybeY knockout mutant. The general RNase functions of ybeY recognized previously in E. coli were confirmed. We show that YbeY, although not essential, has a broad impact on the physiology and pathogenicity of Y. enterocolitica. Our results indicate that this RNase affects the sRNAs regulation network and is required for proper expression of several virulence factors.
METHODS
Bacterial strains and plasmids. The Y. enterocolitica serotype O:3 wild-type (WT) strain 6471/76 has been described previously (Skurnik, 1984) . The ybeY knockout mutant was generated by homologous recombination using a suicide vector. In brief, part of the ybeY coding sequence was PCR amplified using BamHI-sitecontaining primers ybeY-F (59-CGCGGATCCTGAAGTCACCATC-CGTGTG-39) and ybeY-R (59-CGCGGATCCTCCATTTCTTCTGC-TTCATCG-39). The BamHI-digested PCR product was ligated to the suicide vector pKNG101 after BamHI digestion and shrimp alkaline phosphatase (SAP) treatment (Kaniga et al., 1991) . The obtained suicide construct pKNG101-ybeY was subsequently introduced to Y. enterocolitica strain 6471/76. Correct integration of pKNG101-ybeY into the ybeY gene, which generated strain YeO3-DybeY, was verified by PCR using different combinations of following primers: ybeY-F, ybeY-R, ybeY-outR (59-GGGCGTTATTATACCCGTCA-39), ybeYoutF (59-GCGTGGTCATTGCTTATGAA-39), pKNG-F (59-GGAAA-GGACCCGTAAAGTGA-39) and pKNG-R (59-CGATACACTTCCG-CTCAGGT-39). To construct a plasmid carrying the WT ybeY gene for complementation experiments the full ybeY gene was PCR amplified using primers ybeY-outF and ybeY-outR and the fragment was ligated into SmaI-digested and SAP-treated expression vector pMMB207 (Morales et al., 1991) . The correct orientation of the ybeY gene in the obtained plasmid pMMB207-ybeY was verified by DNA sequencing. Subsequently, the plasmid was introduced to YeO3-DybeY by mobilization.
Growth conditions. Cultures were grown aerobically in lysogeny broth (LB) (Bertani, 2004) at either 37 or 22 uC. Antibiotics were used when needed at the following concentrations: 50 mg streptomycin ml 21 and 100 mg chloramphenicol ml 21 . Expression of the ybeY gene from plasmid pMMB207-ybeY was induced with 1 mM IPTG.
Growth curves. Overnight cultures were diluted in fresh medium to an OD 600 of 0.2 and 200 ml aliquots were distributed into honeycomb plate wells (Growth Curves Ab). Growth experiments were carried out at 4, 22, 37 and 42 uC using the Bioscreen C incubator (Growth Curves Ab) with continuous shaking. OD 600 readings were taken every 10 or 15 min. The average was calculated from values obtained for the bacteria grown in nine parallel wells.
SDS-PAGE and immunoblotting. Proteins were separated using 5 % stacking and 12 % separating SDS-PAGE. The material was then visualized by silver staining (Mortz et al., 2001) or transferring onto nitrocellulose membrane (Whatman Protran; pore size 0.45 mm). Transfer of the proteins from the SDS-PAGE gel onto the membrane was done using the semi-dry apparatus (Owl; Thermo Scientific). Subsequently, the membrane was blocked in 5 % (w/v) skimmed milk in TBST buffer [50 mM Tris/HCl, 150 mM NaCl, 0.05 % Tween 20 (pH 7.6)] for 1 h at room temperature (RT; circa 22 uC). The membrane was incubated with primary antibodies diluted in blocking buffer for 16 h at 4 uC with gentle shaking. After washing three times with TBST, the membrane was incubated with suitable peroxidaseconjugated secondary antibodies (Dako Cytomation; dilution 1 : 2000 in blocking buffer) for 1 h at RT. The membrane was then washed in TBST as before and drained in enhanced chemiluminescence solution [0.1 M Tris/HCl (pH 8.5), 1.25 mM luminol, 0.2 mM cumaric acid, 5.3 mM hydrogen peroxide] and exposed to light sensitive film (Kodak).
Yersinia outer proteins (Yops) secretion assay. The test was performed as described earlier (Michiels et al., 1990) with modifications. Briefly, overnight cultures were diluted 1 : 20 in 10 ml fresh brain heart infusion medium and pre-grown at room temperature for 2 h. Subsequently, cultures were transferred to 37 uC for 4 h, the OD 600 of the culture was measured and the supernatant was collected by centrifugation at 4 uC. The secreted proteins were precipitated overnight at 4 uC with 3 M ammonium sulfate (final concentration) and collected by centrifugation at 4 uC. After washing with water, the pellet was dissolved in SDS-PAGE sample buffer (100 ml per 1.0 OD 600 unit of the 10 ml bacterial culture). Five microlitre samples were run on 12 % SDS-PAGE gel and stained with InstantBlue (Expedon).
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On: Sun, 06 Jan 2019 15:18:11 peroxidase-conjugated secondary anti-mouse antibody (P0447; Dako Cytomation) were used for YadA visualization. The monoclonal mouse anti-invasin antibody was a kind gift from Petra Dersch.
Total RNA extraction. The total RNA of bacteria grown to the OD 600 50.6 at 22 or 37 uC was isolated using the SV Total RNA Isolation System (Promega). The quality of the isolated RNA, as well as the rRNA profiles were determined using Bioanalyser (Agilent). For each strain and growth condition two biological replicates were included.
RNA sequencing. RNA-sequencing and data analysis were performed at the Institute for Molecular Medicine Finland (FIMM) Technology Centre Sequencing Unit (https://www.fimm.fi/en/technologycentre/). The rRNA was removed using Ribo-ZeroTM rRNA Removal kit for Gram-negative Bacteria (Epicentre). The library was prepared using the ScriptSeq v2 RNA-Seq Library Preparation kit (Epicentre), according to the manufacturer's instructions. Paired-end sequencing was performed on Illumina HISeq2000 sequencer (Illumina) with the read length of 90 nt. The obtained sequencing reads were filtered for quality and aligned against the Y. enterocolitica strain Y11 genome (accession number FR729477) using the TopHat read aligner (Langmead et al., 2009) . The Cufflinks program (Trapnell et al., 2013) was then used to obtain the fragments per kilobase of gene per million aligned fragments (FPKM) values for differential expression. Genes were considered differentially expressed if the fold change of the average value was .2, and the Student's t-test P value was ,0.01. For the sRNAs study, the cut-off value of 50 was chosen to differentiate from the background transcription. The frequencies of mutant to WT ratios followed the normal distribution indicating the accuracy of the assay (Fig. S1 , available in the online Supplementary Material). The RNA sequence data has been deposited to Gene Expression Omnibus (accession no. GSE62601).
Quantitative reverse transcriptase (RT)-PCR. Overnight cultures of Y. enterocolitica strains were diluted and grown at 22 or 37 uC to an OD 600 50.6 in LB broth. Total bacterial RNA was isolated as described above and diluted to the final concentration of 25 ng RNA ml
21
. Quantitative RT-PCR was performed using the GoTaq 1-step RTqPCR System (Promega) and the primers listed in the Table S1 . The results were calculated using the unit mass method.
Quantitative proteomics. Bacteria were grown overnight at 22 uC in 3 ml of LB. Cultures were diluted 1 : 10 in fresh LB and incubated at either 22 or 37 uC for an additional 4 h. Afterwards, the cells were harvested by centrifugation at 3000 g, washed with sterile PBS and adjusted to 2.5610 8 c.f.u. ml
. Subsequently 1 ml of each culture was pelleted, resuspended in lysis buffer (100 mM ammonium bicarbonate, 8 M urea, 0.1 % RapiGest), sonicated for 3 min (Branson Sonifier 450, pulsed mode 30 %, loading level 2) and stored at 270 uC. Each sample was prepared in three parallels. Prior to the digestion of proteins to peptides with trypsin, the proteins in the samples were reduced with tris(2-carboxyethyl)phosphine and alkylated with iodoacetamide. Tryptic peptide digests were purified by C18 reversed-phase chromatography columns (Varjosalo et al., 2013) and the MS analysis was performed on an Orbitrap Elite ETD mass spectrometer (Thermo Scientific), using Xcalibur version 2.7.1, coupled to an Thermo Scientific nLCII nanoflow HPLC system. Peak extraction and subsequent protein identification was achieved using Proteome Discoverer software (Thermo Scientific). Calibrated peak files were searched against the Y. enterocolitica O:3 proteins (Uniprot) by a SEQUEST search engine. Error tolerances on the precursor and fragment ions were ±15 p.p.m. and ±0.6 Da, respectively. For peptide identification, a stringent cut-off (0.5 % false discovery rate) was used. For label-free quantification, spectral counts for each protein in each sample was extracted and used in relative quantification of protein abundance changes.
Thermotolerance assay. Thermotolerance was tested as described earlier (Rasouly et al., 2009) with modifications. Bacterial overnight cultures were diluted to obtain approximately 1000 bacterial cells in 10 ml and transferred to a thermoblock heated to 50 uC. A series of 10-fold dilutions were prepared at the start point and after 5 min the number of viable bacteria was determined by plating 100 ml of the each dilution on LB agar plates.
Acid tolerance. Acid tolerance was tested as described earlier (De Koning-Ward & Robins-Browne, 1995) with modifications. Bacterial overnight cultures were diluted to obtain approximately 1000 bacterial cells in 10 ml. Tenfold dilutions were prepared and plated on LA plates to determine the number of bacteria. Aliquots of 10 ml were mixed with 90 ml of PBS (pH 2.5) supplemented with 1.4 mM urea and incubated at 37 uC for 2 h and subsequently plated on LB agar plates.
Sugar utilization. The production of acid from different carbohydrates was determined in phenol red broth [10 g peptone, 5 g NaCl, 0.018 g phenol red per litre and supplemented with the selected carbohydrate to a final concentration of 1 % (Iversen et al., 2006) ]. Bacterial overnight cultures were centrifuged down and diluted in phenol red broth. Dilutions were used to inoculate 3 ml of medium supplemented with different sugars. Following carbohydrates were analysed: glucose, sucrose, arabinose, maltose, mannitol, mannose, galactose and myo-inositol.
Urease test. The production of urease was verified in urea broth et al., 1945) . The broth was inoculated with the overnight cultures and incubated at 22 or 37 uC with shaking. The test result was considered positive if the medium changed colour from orange to red and negative if the final colour was yellow.
Tissue culture infection assay. The experiments were performed as described earlier (Schulte et al., 2000) . HeLa cell cultures were maintained in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10 % FBS, 2 mM L-glutamine, 100 mg penicillin ml 21 and 50 mg streptomycin ml
. The cells were grown in a humidified 5 % CO 2 atmosphere at 37 uC. After harvesting, cells were diluted in fresh DMEM and inoculated into 6-well plates. After 24 h incubation the medium was changed to antibiotic free DMEM with 10 % FBS and 2 mM L-glutamine and the cells were incubated for further 2 h at 37 uC for equilibration. Meanwhile overnight cultures of bacteria were diluted in fresh LB and incubated at 22 uC for 3 h. Bacteria were then washed in sterile PBS, centrifuged down and resuspended in DMEM in order to infect the HeLa cells with a bacterium-to-cell ratio of 100 : 1. After the inoculation of the plates the bacteria were centrifuged down onto the cells (5 min at 750 r.p.m.) and incubated in a humidified 5 % CO 2 atmosphere at 37 uC. After 1 h incubation, the monolayers were washed with PBS and either DMEM (to determine total cell-associated bacteria) or DMEM supplemented with 100 ml gentamicin ml 21 (to determine intracellular bacteria) was added to the wells. After 1 h incubation plates were washed with PBS and HeLa cells were lysed using 1 % Triton X-100 in PBS. The number of released viable bacteria was determined by plating 100 ml of the serial 10-fold dilutions on LB agar plates.
RESULTS

Lack of YbeY has a strong impact on growth
The role of YbeY in bacterial growth was studied under different conditions. At 22 u C the growth rate of YeO3-DybeY bacteria was significantly lower when compared to YbeY RNase of Yersinia enterocolitica O:3 that of parental WT bacteria (Fig. 1a) . While the WT bacteria reached OD 600 0.5 in about 5 h, the ybeY mutant required over 20 h to reach the same OD 600 value. Growth of the ybeY mutant was more severely affected at 37 u C (Fig. 1b) with a decline in OD 600 values observed after 10 h incubation and the mutant did not grow at all at 42 u C (Fig. 1c) . Expression of the pYV encoded type III secretion system (T3SS) is known to hinder bacterial growth at 37 u C and it is repressed by 2.5 mM Ca 2+ (Brubaker, 1983) . Thus, to exclude the pYV influence the growth at 37 u C was measured with pYV-cured strains (Fig. 1d) . In this case the decline in the OD 600 values observed with the pYV-positive ybeY mutant after 10 h of growth was not observed in the pYV-cured ybeY mutant and the bacteria continued to replicate. Although the ybeY mutant grew better during the first 12 h in a medium supplemented with 2.5 mM CaCl 2 , the decline was observed thereafter (Fig. 1e) . On the other hand, in the presence of 5 mM EGTA and 20 mM MgCl 2 (conditions activating T3SS expression) growth of the ybeY mutant was no different from that in unsupplemented LB (Fig. 1b, f) . Furthermore, there was no growth difference between pYV-positive and -negative ybeY mutants at 22 u C (data not shown). Finally, growth of the ybeY mutant at 4 u C was significantly slower, yet continuous (Fig. 1g) . The in trans-complemented strain (YeO3-DybeY/pMMB207-ybeY) when induced with 1 mM IPTG managed to fully restore the growth rate of the mutant to the WT level at 22 and 37 u C but only partially at 4 and 42 u C (Fig. 1a-c, g ).
Colony morphology was not affected by the ybeY mutation under any of the conditions analysed, the ybeY mutant strain displayed the same morphotype as the WT strain both on the LB and Yersinia selective medium (CIN) agar
plates. Yet, when bacteria were grown overnight in liquid LB at 37 u C the ybeY mutant presented much stronger aggregation (Fig. 2a) . It is known that Y. enterocolitica grown under conditions inducing the T3SS secretes Yops resulting in flake-like aggregates in the culture medium (Michiels et al., 1990) . Despite the slow growth of the ybeY mutant, the overnight culture presented visibly more aggregates when compared with the WT strain. The in trans complemented strain (YeO3-DybeY/pMMB207-ybeY) displayed the same rate of aggregation as the WT. Furthermore, the ybeY mutant presented higher amounts of secreted proteins when compared to WT strain grown at 37 u C (Fig. 2b ). This suggests there is an increase in the production and secretion of the Yops in the ybeY mutant.
Role of YbeY in rRNA maturation
Normally prokaryotes contain three different rRNA species: 5S, 16S and 23S that are approximately 120, 1550 and 2900 nt long, respectively. The rRNA genes are organized in an operon that is transcribed to a pre-rRNA transcript, which is subsequently processed by RNases into the three rRNA species. In Y. enterocolitica O:3, the 23S rRNA is further processed to fragments of approximately 1750 and 1150 nt in length. This cleavage is due to the occurrence of an intervening sequence in the 23S rRNA gene that is removed during processing . The 16S rRNA in prokaryotes also undergoes a maturation process. In the model proposed by Jacob et al. (2013) the original transcript (17S rRNA) is cleaved both from the 59 and 39 ends by different endonucleases (RNase E, RNase G, RNase R and YbeY) with the help of ribosome maturation factors, including K. Leskinen, M. Varjosalo and M. Skurnik Era, KsgA, RbfA and RsgA. In this process YbeY cleaves the original 17S rRNA endonucleolytically generating a 39-phosphate terminus at or near the final maturation site (Jacob et al., 2013) .
In Y. enterocolitica, comparison of rRNA profiles of WT and ybeY bacteria revealed remarkable differences. The rRNA profiles showed the presence of both processed and maturated 5S and 23S species (~120,~1150 and~1750 nt) in both bacteria, yet significant impairment in processing of 16S rRNA. The rRNA profiles of bacteria grown at 22 and 37 u C showed a strong decrease in the amount of 16S species and an additional small peak of 1300 nt (Fig. 3) . To assess the influence of YebY on the rRNA maturation at elevated temperatures, bacteria were incubated at 45 u C for 3 h before the isolation of total RNA. The usual 1550 nt fragment of processed 16S rRNA was missing from the mutant strain when incubated at 45 u C (data not shown).
Transcriptomics
In order to detect genes that are directly or indirectly affected by the inactivation of the ybeY gene the transcriptomes of the WT and ybeY bacteria grown at 22 and 37 u C were determined. The two temperatures were chosen since temperature is an important cue regulating the virulence genes (Cornelis & Wolf-Watz, 1997) . When comparing the transcriptomes of WT with the ybeY mutant grown at 22 u C we found .2-fold changes in the expression of 350 genes in the ybeY mutant; out of which 121 (34.6 %) were upregulated and 229 (65.4 %) downregulated (Table S2) changes; out of which 48 (14.4 %) were upregulated and 286 (85.6 %) downregulated (Table S3) . Expression of 92 genes was changed at both temperatures; 12 were upregulated and 80 were downregulated (Table 1) .
Among the genes significantly downregulated under both temperatures we identified genes coding for urease subunits, DNA-binding proteins and different metabolic enzymes (Table 1) . Interestingly, the transcriptome of the ybeY mutant grown at 22 u C revealed global upregulation of the pYV genes, which would normally be repressed under these conditions (Fig. 2c) . The pYV genes showed significantly higher rate of overexpression when compared with the genome-encoded genes. The average of ybeY mutant to WT FPKM ratios was 1 : 1 for the chromosomal genes and the frequency of ratios followed normal distribution (Fig. S1 ). The same average of ratios counted for the pYV genes was 3 : 4, showing alterations in the ratio distribution. Moreover, the Student's t-test analysing the ratio values, showed these two groups of genes (plasmidand chromosome-encoded) differed significantly from each other (P value of 1.47610
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). Among the significant hits were the yop genes (yopE, yopH, yopO and yopM) and the injectisome genes (yscN, yscO, yscP, yscB and yscD).
Interestingly, at both studied temperatures the ybeY mutant strain presented gene expression patterns typical for the cold shock response. Our data showed that inactivation of ybeY stimulated the transcription of the cspA gene encoding the main cold shock protein 8.7-and 5.9-fold at 22 and 37 u C, respectively. Moreover, the ybeY mutant showed elevated expression of the ATP-dependent RNA helicase genes (rhlE and deaD), the DNA primase gene (dnaG) and the lipoprotein NlpI gene. Furthermore, the decreased transcription of genes encoding heat-shock proteins (hslV, htpG, hslU), protease (degQ), membrane and periplasmic structures (fliY, mppA, ompC, hdeD) ( Table 2 ) was also observed.
The transcriptomics results were validated using quantitative RT-PCR using newly isolated RNA from the bacteria. Ten differentially expressed genes, both downand upregulated, were selected for the validation. The results presented in Table S4 corroborate the transcriptomics results fully and also demonstrate the in trans complementation of the ybeY mutant.
YbeY affects regulation of small RNAs sRNAs play a crucial role in modulating gene expression in numerous bacterial species. Due to the fact that the role of non-coding RNA particles in the gene regulation of Yersinia species has been long established (Schiano & Lathem, 2012) and YbeY was implicated into sRNA regulation, the possible role of YbeY in sRNA regulation was investigated. Based on data obtained from the repository for bacterial sRNA (Li et al., 2013) for the serotype O:8 a list of predicted sRNAs was prepared. Subsequently, the sequences of these sRNAs were blasted against the genomic DNA of Y. enterocolitica Y11 and the expression of selected regions was verified using the RNA-seq data.
The analysis showed that five sRNAs were clearly affected by the lack of YbeY under at least one condition (Fig. 4) . Two of them (csrB and csrC) that have been implicated in the global carbon storage regulatory system (Liu & Romeo, 1997) , were downregulated. The expression of csrB was significantly decreased at both 22 and 37 uC while that of csrC was decreased only at 22 u C. The expression of gcvB, encoding a sRNA shown to repress the dppA gene that encodes the periplasmic-binding protein component of the dipeptide transport system in Yersinia pestis (Koo et al., 2011) was upregulated at 37 u C. In addition, 4.5S RNA was strongly upregulated at 37 u C and rtT at both analysed temperatures.
Inactivation of YbeY leads to profound changes in the proteome
Using MS-based quantitative proteomics we were able to identify and quantify 1905 different bacterial proteins. From bacteria grown at 37 u C the method identified 1433 (32.17 %) of the 4454 proteins annotated for Y. enterocolitica strain Y11. Of the chromosomally-encoded proteins, 1384 (out of 4344; 31.86 %) were identified. Of the 110 pYV-encoded proteins, 49 (44.54 %) were identified. The difference in protein abundance was considered significant if the change was .2-fold with the P value ,0.05. Altogether 98 of 1433 identified proteins (6.84 %) were differentially expressed; of those 54 (55.10 %) overexpressed and 44 (44.90 %) underexpressed. From bacteria grown at 22 u C, 1893 (42.50 %) of the 4454 proteins were identified; 1848 (42.54 %) were chromosomally-encoded and 49 (44.54 %) were pYV-encoded proteins. Of all these, 128 (6.76 %) were differentially expressed; 50 (39.06 %) were overexpressed and 78 (60.94 %) underexpressed.
Similar to the transcriptome results proteomics also demonstrated significant stimulation of the pYV-encoded proteins in the ybeY mutant strain, especially at 22 u C (Fig.  2d) . Among the most highly expressed proteins were the virulence effector proteins YopD, YopH and the secretion chaperone SycE (Fig. 2d) .
Phenotypic changes
The responses of the WT and ybeY mutant to various stresses were determined. We first checked the thermotolerance of the strains since the aberrant rRNA processing was most prominent at higher temperatures and the mutant did not grow at 42 u C. In line with these results the Both the transcriptomics and quantitative proteomics experiments indicated a decrease in the expression of urease genes in the ybeY mutant strain (Table 3) . After prolonged incubation at 37 u C the urease test in phenol red broth was positive, indicating that at least some urease activity remained. Due to the fact that urease in the presence of urea protects bacteria from the effect of low pH the acid susceptibility assay was performed to investigate the effect of low urease activity. The ybeY mutant bacteria were all killed in acidified medium in the presence of 1.4 mM urea while 112.42±8.78 % of WT bacteria survived. This directly reflected the strong decrease in urease activity. Complementation restored thermotolerance as 78.75±9.31 % of the in trans-complemented bacteria survived.
The transcriptomics and proteomics data indicated that the ybeY mutant suffered from downregulation of a number of enzymes involved in basic metabolism ( Figs S2 and S3 ). For example, inosose dehydratase as well as inositol 2-dehydrogenase were among the most downregulated genes at both 22 and 37 u C. In line with this, sugar utilization tests revealed a decreased ability to utilize arabinose and galactose. Moreover, the ybeY mutant strain was not able to grow in the medium containing 1 % myo-inositol as a carbon source (Table S5) .
Impact on virulence-associated traits
To further assess the effect of YbeY on the pathogenicity of Y. enterocolitica, the expression of different well-known (Fig. 5a) . Furthermore, to elucidate whether the Yops were intracellular or secreted to culture medium, the Yops were isolated from the culture medium from bacteria grown at both 22 and 37 u C. The secreted protein samples were run on SDS-PAGE gels, which were subsequently stained with Coomassie blue (37 u C samples; Fig. 2b ) and used for immunoblotting with anti-Yops antisera. In contrast to samples taken at 37 u C, we did not detect any secreted Yops in the supernatants of bacteria grown at 22 u C (data not shown). Moreover, RNA-seq, LC-MS/MS and quantitative RT-PCR indicated strong downregulation of Ail in the ybeY mutant strain (Fig. 5b , Table S3 ).
A tissue culture infection model was used to assess the impact of YbeY on adhesion and invasion. HeLa cell infections showed that the inactivation of the ybeY gene decreased the ability of the bacteria to infect the eukaryotic cells. The most severe defect could be seen in adhesion (Fig. 5c ), whereas the YbeY RNase of Yersinia enterocolitica O:3 ybeY bacteria showed no apparent impairment in invasion of the HeLa cells by the cell-associated bacteria (Fig. 5d ).
DISCUSSION
In this study, we showed that the deletion of the ybeY gene of Y. enterocolitica O:3 caused highly pleiotropic effects. Although viable, the ybeY mutant strain had severe growth defects under all analysed conditions and impairment of many physiological functions. We also showed that this mutation compromised many features relating to virulence and survival inside the host organism.
The effect of ybeY mutation was most profoundly visible at elevated temperatures (Grinwald & Ron, 2013; Rasouly et al., 2009) , in accordance with its classification as a heatshock protein. The inactivation of ybeY prevented bacterial growth at 42 u C and significantly reduced its thermotolerance (Fig. 1c) . In addition, the growth rate of the mutant bacteria was more than four times slower than that of WT bacteria at temperatures between 4 and 37 u C, implicating the importance of YbeY for growth at all the temperatures. In trans complementation did not fully restore the growth rates at 4 and 42 u C. This could be due to inadequate expression of ybeY from the pMMB207 plasmid at these temperatures. Indeed, it was earlier found that the expression of ybeY is upregulated in E. coli at 45 u C (Jacob et al., 2013) . Whether this could be valid for 4 u C is not known.
Similar to E. coli (Jacob et al., 2013) , YbeY in Y. enterocolitica plays a role in rRNA maturation as a ybeY mutant causes misprocessing of 16S rRNA leading to its degradation, but does not have a visible effect on the 23S and 5S rRNA (Fig. 3) . The electropherograms showed that the rRNA profiles were affected at all the temperatures, yet the strongest difference was visible at 42 u C, where the peak of 16S rRNA was not present. The defect in rRNA profile may be caused by absence of 17S rRNA cleavage or its degradation, as maturation of the 16S rRNA species increases its stability and protects it from further degradation by other housekeeping RNases (Jacob et al., 2013) . It was also reported that ybeY mutation leads to polarized expression of rrn operons that eventually causes a bias in the amounts of rRNA species (Grinwald & Ron, 2013) .
Our results also showed that YbeY affected the expression of several sRNAs. Two of them, csrB and csrC, are Hfqindependent and were previously implicated in the global carbon storage regulatory system (Liu & Romeo, 1997; Schiano & Lathem, 2012) . The gcvB sRNA has been shown to repress dppA, a gene encoding the periplasmic-binding protein component of the dipeptide transport system in Y. pestis and is known to bind Hfq (Koo et al., 2011) . Our results show that both the Hfq-dependent and Hfqindependent regulation pathways were affected.
Both transcriptomic and proteomic analyses showed that the pYV genes are overexpressed in the conditions analysed. et al., 2012 ), yet our transcriptomic study revealed an increase in the amount of ymoA transcripts in the ybeY mutant strain. Most probably the expression of pYVencoded genes at RT happens due to the increase in plasmid copy number, disruption of the sRNA regulation network or changes in plasmid DNA supercoiling. The latter can be caused by alterations in expressions of histone-like proteins or indirectly through different stability of sRNAs crucial for virulence genes regulation. The detailed molecular mechanism of alterations in expression of virulence plasmid encoded genes remains to be elucidated.
The ability of Y. enterocolitica to invade eukaryotic cells in vitro correlates with its virulence (i.e. noninvasive strains are generally non-pathogenic) (Lee et al., 1977; Une, 1977) . Although pYV encodes most of the virulence factors, the invasiveness depends on the chromosome-encoded determinants. Generally two proteins (invasin and Ail) are necessary and sufficient for Y. enterocolitica to enter the eukaryotic cells (Isberg & Leong, 1990; Miller et al., 1989 Miller et al., , 1990 . The ybeY mutant presented decreased ability to infect the HeLa cells, which was mainly manifested at the stage of adhesion to the eukaryotic cells. RNA-sequencing, quantitative proteomics and RT-qPCR revealed unanimously a reduction in the level of Ail in the mutant strain, which could explain the observed impairment in adhesion. This is in accordance with previous findings showing an ail mutant leads to a severe reduction in adhesion (Felek & Krukonis, 2009; Kolodziejek et al., 2010) . In spite of the decrease in adhesion, the ybeY bacteria that had adhered were still able to enter the cells at the WT level, suggesting that the process of invasion itself was not affected. In accordance, transcription of the inv gene (Y11_38661) was not affected in the mutant.
In order to pass through the stomach during the course of infection, Y. enterocolitica must be able to survive in a low pH environment. Unlike other acid-tolerant bacteria, the mechanism of acid tolerance in Yersinia is not multifactorial and depends mainly on the production of urease (De Koning-Ward & Robins-Browne, 1995; GripenbergLerche et al., 2000) . For that reason urease is considered an K. Leskinen, M. Varjosalo and M. Skurnik important virulence factor needed to establish infection. Even though the ybeY mutant produced urease, the low levels of urease decreased its ability to survive in acidic conditions. Previous research showed the ability to produce urease corresponds with the capacity to survive passage through the stomach of mice leading to severe decrease in bacterial virulence presented in the mouse models (De Koning-Ward & Robins-Browne, 1995; Gripenberg-Lerche et al., 2000) .
Transcriptomic analyses revealed the presence of transcripts typically observed during the cold-shock response (Annamalai & Venkitanarayanan, 2005) . It is well-known that temperature affects the stability of DNA secondary structures (Annamalai & Venkitanarayanan, 2005; Golovlev, 2003; Jones et al., 1992) . Moreover, an increase in temperature causes the dissociation of polysomes, accumulation of free ribosomes and their subunits and the state of ribosomes is the main sensor of environmental conditions that elicit the cold and heat shock responses in E. coli (Golovlev, 2003; Jones et al., 1992; VanBogelen & Neidhardt, 1990) . VanBogelen & Neidhardt (1990) successfully used chloramphenicol, erythromycin, spiramycin and tetracycline to induce a cold shock response in bacterial cells, proving that the cold shock is a response to internal changes in translational capacity. In our opinion, the mutation of ybeY causing the accumulation of defective ribosomes and thus slowing down the process of translation mimics a shift in temperature. However, not all of the genes differentially expressed during the cold shock response presented altered levels of transcription in the ybeY mutant. Perhaps during the true low-temperature response bacterial cells recognize more stimuli activating different pathways of the cold shock response. It is thus plausible that the presence of elevated level of cspA mRNA is one of the factors slowing down the growth of the mutant strain (Neuhaus et al., 2000) .
Taken together, our study shows that YbeY is not essential, yet is required for full pathogenicity of Y. enterocolitica. The loss of YbeY led to severe alterations in expression of virulence plasmid encoded genes and affected the sRNA regulation network. Moreover, loss of YbeY resulted in impairment of many virulence-related features, such as resistance to elevated temperature and acid, ability to attach to HeLa cells as well as an impairment in the utilization of different carbohydrates. Based on the abovementioned alterations in the physiology of ybeY mutant and its severely decreased growth rate we believe that loss of YbeY leads to severe attenuation of Y. enterocolitica, making it impossible for the pathogen to survive within the host and establish the infection.
